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GeochemistryIncreasing air temperatures in the Arctic have the potential to degrade permafrost and promote the downward
migration of the seasonally thawed active layer into previously frozen material. This may expose frozen soils to
mineral weathering that could affect the geochemical composition of surface waters. Determining watershed
system responses to drivers such as a changing climate relies heavily on understanding seasonal controls on
freshwater processes. The majority of studies on elemental concentrations in Arctic river systems have focused
on sampling only from spring snowmelt to the summer season. Consequently, there remains a limited under-
standing of surfacewater geochemistry, particularlywith respect to tracemetals, during late fall and earlywinter.
To examine the variability of metal concentrations as a function of seasonality, wemeasured tracemetal concen-
trations from spring melt to fall freeze-up in 2010 in two high Arctic watersheds: Imnavait Creek, North Slope,
Alaska and Roche Mountanee Creek, Brooks Range, Alaska. We focused on aluminum (Al), barium (Ba), iron
(Fe), manganese (Mn), nickel (Ni) and zinc (Zn). Concentrations of ‘dissolved’ (b0.45 μm) Al, Ba, Fe, and Mn in
Imnavait Creekwaters and Ba in RocheMountaneewaters were highest in late fall/earlywinter. To link observed
surface water concentrations at Imnavait Creek to parent soil material we analyzed the elemental composition of
a soil core from thewatershed and tracked the soil temperatures as a function of time and depth. The results from
this study show a distinct seasonal signature of trace metal concentrations in late fall that correlates with the
depth of the thawed active layer.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Climate warming in the Arctic has led to increasing air temperatures
(Peterson et al., 2002; Arndt et al., 2010), resulting in thawing of perma-
frost and the downwardmigration of the seasonally thawed active layer
into previously frozen material (Hinzman and Kane, 1992; Osterkamp
and Romanovsky, 1997, 1999; Jorgenson et al., 2006; Christiansen
et al., 2010; Romanovsky et al., 2010; Smith et al., 2010). This active
layer response to climatewarmingmay inﬂuence the geochemical com-
position of rivers in the Arctic via increasing trace element transport, in-
creasing organic carbon mobilization, and evolving biogeochemicaland Biochemistry, 900 Yukon
ates. Tel.: +1 907 474 1976;
ss article under the CC BY-NC-ND liccycles, among other factors (Vuceta and Morgan, 1978; Kane et al.,
1989; McNamara et al., 1997; Rember and Trefry, 2004; White et al.,
2007; Muskett and Romanovsky, 2011; Pokrovsky et al., 2011). This
partly reﬂects the fact that themajority of subsurface ﬂow in permafrost
systems occurs in the active layer (McNamara et al., 1997). Consequent-
ly, the downward expansion of the active layer may increase the expo-
sure of labile mineral phases to weathering processes and provide an
enhanced weathering signal in soil-pore and surface waters.
In the absence of mining or industrial activities, mineral weathering
is the major source of trace metals to surface waters in pristine Arctic
rivers. Therefore, developing a mechanistic understanding of trace
metal behavior and transport in the subsystem of soils and surface wa-
ters can provide insight into active layer chemicalweatheringprocesses.
In addition, the redox environment of a given watershed controls trace
metal mobility. As a consequence, observations of changes in ﬂuxes of
redox sensitive elements can be used to evaluate redox conditions.ense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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organic carbon, radiogenic isotopes, nutrient ﬂuxes and major ion con-
centrations to investigatewatershed dynamics, permafrost degradation,
carbon sources, the timing of spring melt, and seasonal controls on ele-
mental export (Cooper et al., 2005; 2008; Petrone et al., 2006; Keller
et al., 2007; 2010; McClelland et al., 2007; Townsend-Small et al.,
2010; Bagard et al., 2011). However, only a few studies have employed
trace metals as a proxy for permafrost dynamics at the watershed scale
(Martin et al., 1993; Dai and Martin, 1995; Rember and Trefry, 2004;
Bagard et al., 2011). Furthermore, most of these studies only measured
concentrations of tracemetals in surfacewater sampleswithout consid-
ering the composition of soil and soil pore water, and none have exam-
ined dissolved tracemetal data in the context of the soil thermal regime
(i.e., the timing of thawing and freezing of the active layer). As a result,
there is a lack of information linking the tracemetal composition of sub-
surface and surface ﬂow within Arctic watersheds to the geochemistry
of underlying soils and seasonal permafrost active layer dynamics.
Trace metal concentrations in surface waters ﬂuctuate on a seasonal
basis partly due to variations in precipitation, temperature, the extent of
active layer thaw, and the composition of the underlying soils. The de-
gree to which the watershed responds to climate warming can also
play a role in trace metal ﬂuctuations, as a whole (Hinzman et al.,
1991; Bagard et al., 2011). Due to the strong seasonality of Arctic fresh-
water processes (Chapin et al., 2005; Bagard et al., 2011), the response
of riverine tracemetal signatures to increasing active layer depth should
be most evident during late fall, when the active layer is at its deepest
yearly extent and the base ﬂow component is increasing toward the
yearly maximum values, as was observed in two major Russian Arctic
rivers for almost 60 years (Peterson et al., 2002; Yang et al., 2002;
Hinzman et al., 2005). Any changes to the overall source of major and
trace elements to subsurface ﬂow in late fall could potentially be evident
as a pulse, different than the signature of a baseﬂow dominated stream,
which is the expected dominant contributor of trace metals to surface
waters during this time of the year in the Arctic. Many studies reporting
trace and major element concentrations in Arctic river systems have
only focused on spring and/or summer ﬂow regimes (Martin et al.,
1993; Dai and Martin, 1995; Guieu et al., 1996; Rember and Trefry,
2004). As such, there remains a limited understanding of trace metal
transport and behavior in Arctic rivers during late fall and early winter
(Bagard et al., 2011) when mineral weathering processes continue to
occur deep in the soil column.
It is also possible that major and trace ions mobilized in late fall are
stored in the shallow subsurface during freeze up and contribute to
the following year's spring thaw signal. Mobilization of major and
trace elements to surfacewaters during early spring is typically attribut-
ed to spring snowmelt when precipitation that has accumulated during
winter is released (McNamara et al., 1997; Rember and Trefry, 2004;
Petrone et al., 2006). However, elemental transport to surface waters
during spring snowmelt potentially encompasses contributions from
previously mobilized species stored in the surﬁcial layers as well as
input from the snowpack (Bagard et al., 2011). With increasing depth
of permafrost thaw and the potential increase in late fall mineral
weathering ﬂuxes to watersheds, there are potential ramiﬁcations for
a change in biogeochemical ﬂuxes from watersheds during the spring
and fall seasons. Our goal was to examine whether trace metal concen-
trations in surface water draining areas of continuous permafrost can
provide a signal of permafrost active layer dynamics distinguishable
over normal variability at the watershed-scale. Since our data is not
part of a multi-year dataset, we primarily aim to identify whether
there is a seasonal aspect to river tracemetal geochemistry and establish
a baseline of measurements for longer-term monitoring in the future.
Surface water samples were collected and analyzed for trace metal
analysis from spring melt in mid-May through the initiation of fall
freeze-up in mid-October. We mainly focused on Imnavait Creek, a
small headwater stream underlain by continuous permafrost and dom-
inated by tussock sedge tundra with organic-rich soils (Osterkamp andPayne, 1981; Walker et al., 1989). In the Imnavait watershed, we exca-
vated a 1meter deep soil pit to identify and deﬁne soil horizons, andwe
collected a 61 cm soil core to quantify the vertical distribution of trace
metals. Thermistors were installed into the active layer to continuously
measure soil temperature as a function of depth.
As a relatively small, low gradient stream dominated by organic-rich
soils, Imnavait Creek typiﬁes many small watersheds throughout the
high Arctic. We also collected samples from Roche Mountanee Creek
as an analog for permafrost active layer processes occurring in higher
gradient, larger watersheds containing primarily exposed bedrock. As
a result, our ﬁndings from these end member drainages have utility
for extrapolation to broader areas in the Arctic.
To achieve our goals, we: (1) quantiﬁed variations in metal concen-
trations as a function of seasonality in two high Arctic streams, (2) char-
acterized metal concentrations in soil layers within the Imnavait
Creek watershed and relate them to freezing and thawing processes,
(3) tracked the inﬂuence of water sourcing from the snowmelt signal,
precipitation and groundwater signal on tracemetal ﬂuctuations in sur-
face waters, (4) developed a conceptual model relating trace metal
chemical composition in surface waters to permafrost active layer dy-
namics at Imnavait Creek, and (5) compared the model to the seasonal
variability in metal concentrations at a physiographically different wa-
tershed to determine if relationships identiﬁed in Imnavait Creek are
broadly applicable to other Arctic watersheds.
2. Materials and methods
2.1. Field study
Two watersheds located in the northern foothills of the Brooks
Range in the Alaskan Arctic were examined in this study: Imnavait
Creek (2.2 km2) and Roche Mountanee Creek (89 km2) (Fig. 1).
Imnavait Creek is a small headwater stream located in a valley formed
on Sagavanirktok glacial till (Hamilton, 1986). A network of water
tracks drains the hillslopes of the watershed and the creek is comprised
of a chain of small ponds intermittently connected by water tracks that
ﬂow into the Kuparuk River (McNamara et al., 1997). The area is domi-
nated by erosional topography (Black, 1976) underlain by continuous
permafrost 250 to 300 m deep (Osterkamp and Payne, 1981). Vegeta-
tion predominantly consists of tussock sedge tundra (Walker et al.,
1989) with organic rich soils and sphagnum moss/ericaceous plants
(Kane et al., 1989). This accumulated acidic vegetation, as well as the
saturated soil conditions, are primary contributors to the overall low
pH values of stream water (approximately 4.5–6.5) throughout the
summer (Everett et al., 1989; Walker et al., 2002).
The soils at Imnavait Creek are organic-rich, poorly drained silty
loams covered by a peaty layer. They consist of highly weathered clays
and silicates under acidic and often water-logged conditions during
the spring and summer (Walker et al., 1989; Kane et al., 2000). There
are also embedded mineral layers consisting of silt overlying glacial till
(Kane et al., 1989; McNamara et al., 1997, 1998). The soil is weathered
to a greater extent than areas south of theNorth Slopewithin theBrooks
Range (Fig. 1), and the parent material may less effectively neutralize
organic and carbonic acids (Ping et al., 1998). Portions of the soil proﬁle
have been described as having a high chroma color, indicating the oxi-
dation of iron minerals, whereas adjacent zones are gleyed, pointing
to more reducing conditions (Ping et al., 1998).
Roche Mountanee Creek is located approximately 30 km south
of Imnavait Creek along the Dalton Highway. The drainage basin has
extensive bedrock exposure and is underlain by continuous permafrost.
In addition to some tussock sedge tundra along the lower section of the
watershed the predominant vegetation is a low-lying alder bush. The
area has shrub-covered lowlands and tundra-covered and rocky uplands.
Ridgelines reach about 1.5 km above sea level. The pH of this river ranges
from circumneutral to slightly basic due to the carbonate-rich terrain and
the minimal presence of organic vegetation and soils (Till et al., 2008).
Fig. 1.Map of study area with sampling and thermistor locations identiﬁed.
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Creek and Roche Mountanee Creek between early May and mid-
October 2010. We extracted a soil core from the Imnavait drainage
and installed a thermistor string within the Imnavait watershed
(Onset Computer Corporation, Bourne, MA) to continuously monitor
soil temperatures at four depths spanning from the surface to approxi-
mately 60 cm depth.
2.2. Soil core collection and analysis and soil pit excavation
A soil core representing the upper 60 cm of the soil column in the
Imnavait watershed was extracted using a 10 cm diameter Snow, Ice,
and Permafrost Research Establishment (SIPRE) corer. The corewas col-
lected from the same location into which the vertical thermistor string
was installed (Fig. 1). The core was collected during the winter of
2009, wrapped frozen in freezer paper (Reynolds, Lake Forest, IL),
transported frozen and stored frozen in a cold room until analysis. The
soil core was collected the winter before collecting surface water sam-
ples and based on yearly thaw depth probing conducted every fall
along a grid of 121 points in the Imnavait Creekwatershed (Circumpolar
Active Layer Monitoring Network-CALM II, 2004–2008) we believe the
core represents approximately 40 cm of material that thaws each year
(active layer) and approximately 20 cm of the permafrost. The collected
core was within 20 level meters of themain drainage. A soil pit was ex-
cavated in July, 2011 near the coring location that is nearest to themain
drainage as shown in Fig. 1.
Excavating a soil pit gave insight to the relative depth of the
permafrost-active layer boundary within the watershed. The 1 × 1
meter soil pitwas excavated to a depth of 90 cmwith shovels and a jack-
hammer and soil horizons were identiﬁed following established soil
classiﬁcation methods (Soil Survey Division Staff, 1993; Ping et al.,
2013). In addition,we tested for reducing conditions of a hydric soil sys-
tem using alpha–alpha-dipyridyl, as outlined in Ping et al. (1998), and
established by the U.S. Department of Agriculture, Soil Survey Division
Staff, 1993.
The frozen soil core was sectioned into 5 cm long sub-samples using
a band saw with a carbon steel blade (93.5 in × 3/8 in. with 6 tpi) in a
cold room at the U.S. Army Cold Regions Research and Engineering
Laboratory (CRREL) facility on FortWainwright, AK. The frozen core sec-
tions were thawed for 24 h at approximately 22 °C in plastic bags. Porewater was separated from the soil solids by centrifugation (7000 rpm
for 20 min). Water samples were decanted, passed through 0.20 μm
nylon ﬁlters (Whatman, Kent, United Kingdom) ﬁtted to a sterile plastic
syringes and acidiﬁedwith 6 N ultrapure HNO3. Soil porewater samples
were analyzed following the ICP-MS procedures outlined in the next
section for surface water samples.
Each 5 cm subsection of the corewas dried at 50 °C for approximate-
ly 12 h overnight and sieved to b75 μm (b#200 sieve). Approximately
5–7 gramsubsamplesweremixedwith 5–7 drops of a binder (polyvinyl
alcohol) and pressed into a powder pellet using a hydraulic bottle jack at
20,000 psi. Each pellet was analyzed using a PANalytical (Almelo, The
Netherlands) Axios four kilowatt wavelength dispersive X-ray ﬂuores-
cence spectrometer (XRF). The calibration standards formajor elements
weremade using the geologic referencematerials BIR-1, PCC-1, JA-2, JB-
2, JP-1, JR-1, GXR-3, GXR-1, MRG-1, and SGR-1, as described in Ilgen
et al. (2011). Samples and standards were analyzed in triplicate with
corresponding errors reported and detection limits calculated based
on analysis of the reference standards.
2.3. Surface water collection and analysis
All water sample collection sites were located upstream of the
Dalton Highway as depicted in Fig. 1. Nitrile gloves were worn while
sampling and water was collected from the main channel of ﬂow
using a peristaltic pump outﬁtted with Masterﬂex Tygon E-LFL pump
tubing (Cole-Parmer, Vernon Hills, Illinois) and precleaned 0.45 μm
polycarbonate medium-capacity ﬁlter capsules (Geotech Environmen-
tal Equipment, Denver, CO). The tubing and ﬁlter capsules were ﬂushed
for a minimum of 10 s before collecting samples into trace metal grade
precleaned acid washed 125 mL HDPE bottles. Samples for trace metal
analysis were acidiﬁed within 6 h of collection with 6 N ultrapure
HNO3 (Baseline Nitric Acid, Seastar Chemicals, Sidney, BC) in a clean
hood at the Toolik Field Station. Samples for chloride analysis were ﬁl-
tered using the sameprocedure as the tracemetal samples, but the chlo-
ride samples were not acidiﬁed.
Chloride concentrations were quantiﬁed on a Dionex ICS-3000 ion
chromatograph with an AS-19 anion column (Dionex Corporation Sun-
nyvale, California) at the CRREL Alaska Geochemistry Laboratory. Each
sample had a 10mL injection volume. A gradientmethod using potassi-
um hydroxide eluent ranged from 20mM to 35 mM for anion analyses.
183A.J. Barker et al. / Chemical Geology 381 (2014) 180–193The system ﬂow ratewas 1 mL/min and the operating temperaturewas
30 °C. The ion chromatographwas calibrated through repeat analysis of
ﬁve calibration standards with concentrations ranging from 0.1 to
120mg/L. Peaks were identiﬁed using Chromeleon (Dionex, Sunnyvale,
California) and were veriﬁed visually. Laboratory analytical anion stan-
dards with values from 0.1 to 120 mg/L were analyzed repeatedly to
verify system calibration and assess analytical precision. Based on
these analyses the calculated precision for the analyses is ±5%.
Surface and soil pore water trace metal concentrations were mea-
sured using an Agilent 7500ce (Agilent Technologies, Santa Clara, CA)
inductively coupled plasma-mass spectrometer (ICP-MS) at the Univer-
sity of Alaska Fairbanks Advanced Instrumentation Laboratory follow-
ing the general procedure outlined in Creed et al. (1994). To minimize
polyatomic interferences from ions having identical mass-to-charge ra-
tios as the analytes the ICP-MS was operated in collision/reaction cell
(CRC) mode using either He or H2 gases following established protocols
(Wilbur and Soffey, 2004). Al, Ba, Be, B, Cd, Co, Pb, Au, Mn, Mo, P, Sc, Ag,
Te, Tl, Sn, Ti, Zn and the rare earth elements were analyzed in normal
mode (no CRC). As, Cr, Cu, Ni and V were analyzed using CRC pressur-
ized with He gas and Fe and Se were analyzed using CRC pressurized
with H2 gas. Of the above elements, only Al, Ba, Fe, Mn, Ni, and Zn
were above the limit of detection of the method.
Six calibration standards, ranging from 1 to 100 μg/L, were prepared
by diluting 1 × 106 μg/L single element standard solutions and a com-
bined rare earth element standard provided by ULTRA Scientiﬁc
(Kingstown, RI). All glassware was washed, and dilutions were made
using 2% ultrapure HNO3 (BDH Aristar Plus, Poole Dorset, UK). A single
stock solution of 1000 μg/L was prepared by diluting 0.1 mL of the
1 × 106 μg/L single element standard solutions to 100 mL in an acid-
washed 100 mL volumetric ﬂask. The 2% ultrapure HNO3 was used as
a blank. Calibration was performed at the beginning of each analytical
run. The resulting calibration curves had R2 values of 0.998 or better. De-
tection limits for all the elements were quantitatively set at 1 μg/L. A
check standard and blank were run after every 10 samples and all sam-
ples were analyzed in triplicates to quantify the analytical uncertainty
for each sample, which was within ±5% error.
To correct for temporal variations in signal intensity, an internal
standard containing 50 μg/L of Ge, In and Tl was added to all blanks,
standards and samples. All detected values fell within the 1–100 μg/L
calibration range or were subsequently diluted with ultrapure water
(Barnstead Nanopure, Thermo Scientiﬁc,Waltham, MA) with a resistiv-
ity of 18.1 MΩ and reanalyzed. To conﬁrm the accuracy of the pipettes,
themass of the volume delivered wasmonitoredwith an analytical bal-
ance. Percent relative standard deviation (% RSD) values were ﬁrstFig. 2. Soil pit proﬁle and detailed soil horizons at Imnavait Creek watershed basin. Proﬁle show
the surface and cryoturbation.screened for any signiﬁcant errors. Valueswere then corrected for back-
ground using repeated analyses of blanks. Measurement error was
assigned to each sample analyzed based on the triplicate measure-
ments, as shown in each data table. Errors associated with dilution are
estimated to be within ±5% based on repeat tests of delivery pipettes
with an analytical balance. Combined error is included in the form of
error bars presented in Figs. 6 and 8.
The surface waters of Imnavait Creek and Roche Mountanee were
monitored for in-situ pH measurements during the collection of each
sample using a YSI-probe-600xL (YSI, Inc., Yellow Springs, Ohio). The
pH probe was calibrated twice per day with pH 4.0 and 7.0 buffer solu-
tions provided by YSI, Inc. The pH probe was located 10m downstream
from the site of sample collection and allowed to equilibrate until the
pH measurement stabilized.
2.4. Thermistor installation
A thermistor array was installed in the Imnavait watershed study
area in 2009 after the soil core described above was extracted (Fig. 1).
The core material was removed and an array of four thermistors, at-
tached to a wooden stake, was lowered into the hole. Temperature
probes were set approximately 1, 29, 42 and 53 cm depth. The depth
of each thermistor was measured from the ground surface, and a slurry
of watermixedwith local soil was poured into the hole. The thermistors
were connected to a battery powered ONSET-HOBO U12 datalogger
(Onset Computer Corporation, Bourne,MA) that recorded temperatures
hourly in degrees Celsius.
3. Results
3.1. Soil pit proﬁle and chemical composition of soil column
A photograph of the Imnavait Creek soil pit proﬁle and detailed ho-
rizons is shown in Fig. 2. The top portions of the horizons have a high
chroma color, whereas the lower portions appear more gleyed, poten-
tially signifying a redox boundary. We further tested the lower portion
of the soil (~5 g excavated at roughly 50 cm depth) with 3–5 drops of
alpha–alpha-dipyridyl yielded a positive pink color within 30 s, signify-
ing the presence of ferrous iron and reducing conditions. In addition,
there was a clear difference in color along the soil horizons and the dif-
ferent redox zones were observed visually upon excavation of the soil
pit in Imnavait Creek. The upper 0–20 cm portion exhibited the typical
orange-rust color characteristic of Fe(III) during and after excavation.
Upon excavation of the lower 25–90 cm, the soil horizons initiallys an oxidation/reduction front at approximately 40 cm depth, substantial organic layer on
184 A.J. Barker et al. / Chemical Geology 381 (2014) 180–193displayed a dark, lustrous gray-black color but within minutes of being
exposed to the atmosphere, orange-rich bands began to appear from 25
to 90 cm. The optical image in Fig. 2 was taken approximately 5 min
after excavation of the full soil pit and after the testing with alpha–
alpha-dipyridyl. This change in soil chroma as a function of excavation
time likely reﬂects in-situ oxidation of Fe(II) to Fe(III).
Within the watershed and adjacent to the soil pit, we collected a
61 cm soil core. Vertical metal concentrations in mg/kg (ppm) deter-
mined by XRF are provided in Table 1 and plotted as a function of soil
core depth in Fig. 3. Fe,Mn and Zn are enriched in the organic layer, like-
ly due to their association with natural organic matter (NOM) (Fig. 2).
By comparison, Al, Ba, Cr, Ti, and Zr, as well as Rb, and V (not shown
in Fig. 3, but data provided in Table 1) are enhanced in the lower soil ho-
rizons. Ni concentrations stay relatively constant throughout the soil
core (Table 1). Because Cr and V typically accumulate in reducing
zones, their enriched concentrations relative to the upper portions of
the soil column can serve as a proxy for more reducing soil conditions
(Kimbrough et al., 1999). This clear separation between metals either
accumulating in the upper portions of the soil column or enhanced
lower in the soil column qualitatively correlates with the variation in
redox conditions observed in the soil pit proﬁle (Fig. 2).
The soil pore water concentrations are provided in Table 2 and are
plotted as a function of depth along the core in Fig. 4. These data repre-
sent the soluble fraction likely available for transport to the surrounding
surfacewater. Al, Ba, Fe, andMnand to someextent Zn, all are present as
soluble species in both the upper (~3–15 cm) and deeper (~20–50 cm)
parts of the soil column.Table 1
XRF results for the soil core collected from Imnavait Creek watershed, location shown in Fig. 1. (
lowest row in each section.
Core 1 sections (cm) Sc (ppm) +/− Ti (ppm) +/− V (ppm)
10–15 6.4 0.2 796.3 8.0 12.2
15–20 3.2 0.1 572.1 5.7 14.6
20–25 7.5 0.2 2809.3 28.1 45.2
25–30 10.5 0.3 5374.9 53.7 65.5
30–35 11.2 0.3 7165.0 71.7 85.6
35–40 11.2 0.3 7871.1 78.7 82.1
40–45 9.9 0.3 6825.5 68.3 83.5
45–50 10.7 0.3 6248.3 62.5 80.5
50–55 10.7 0.3 6749.9 67.5 80.3
55–61 9.6 0.3 6541.8 65.4 68.4
Detection limit 1.5 0.0 2.8 0.0 1.9
Core 1 sections (cm) Fe (ppm) +/− Ni (ppm) +/− Cu (ppm)
10–15 14,054.8 4216.4 20.2 2.0 42.3
15–20 140,713.9 42,214.2 18.3 1.8 24.7
20–25 29,548.2 8864.5 13.9 1.4 48.1
25–30 21,505.3 6451.6 16.7 1.7 44.9
30–35 25,282.0 7584.6 18.7 1.9 42.0
35–40 23,261.2 6978.4 18.7 1.9 36.1
40–45 21,533.8 6460.1 19.5 1.9 33.8
45–50 23,019.5 6905.9 19.8 2.0 36.8
50–55 23,550.5 7065.1 23.7 2.4 34.0
55–61 19,772.0 5931.6 20.9 2.1 22.5
Detection limit 3.3 1.0 1.0 0.1 1.0
Core 1 sections (cm) Br (ppm) +/− Rb (ppm) +/− Sr (ppm)
10–15 14.1 1.8 7.1 0.4 22.8
15–20 19.6 2.5 6.6 0.3 13.5
20–25 13.7 1.8 22.4 1.1 27.4
25–30 13.5 1.7 38.2 1.9 43.2
30–35 8.6 1.1 50.5 2.5 54.2
35–40 6.6 0.9 47.4 2.4 60.0
40–45 9.0 1.2 46.7 2.3 54.8
45–50 10.0 1.3 41.9 2.1 50.5
50–55 8.0 1.0 43.9 2.2 55.3
55–61 6.5 0.8 34.2 1.7 52.2
Detection limit 1.0 0.1 1.0 0.1 1.03.2. Soil thermal regime
Temperature data from the thermistor installed at Imnavait Creek is
shown in Fig. 5. The soil temperature at the surface correlates with ﬂuc-
tuations in the local ambient air temperature. During the Arctic spring,
soil predominantly thaws from the top-down. The soil at 0, 29, 42 and
53 cm depth was fully frozen on April 28, 2010 when we initiated
measurements. Thawing (temperatures rising above 0 °C) began on
May 13 at the surface, on May 23 at 29 cm depth, on June 12 at 42 cm
depth and on July 29 at 53 cm depth.
3.3. Surface water metal concentrations and pH at Imnavait Creek
Surface water concentrations of Al, Ba, Fe, Mn, Ni, and Zn (in μg/L)
are provided in Table 3 and are plotted as a function of sampling date
in Fig. 6. The remaining measured metals mentioned in the Materials
and methods section were at or below the detection limit of the analyt-
ical method. Late fall and early winter yielded the highest streamwater
concentrations of Al, Ba, Fe, andMn in Imnavait Creek. Ni concentrations
were relatively constant throughout the summer. Zn behaved similarly
to Mn except that concentrations did not rise during late fall, consistent
with the observation that Zn does not have an enhanced solubility sig-
nature deeper in the soil column (Fig. 4). Mn and Zn concentrations
peaked during spring snowmelt and late fall. All other metals exhibited
a gradual increase in concentrations until the end of September, with
peak values in early October. In contrast, Fe, Al, Ba andNi did not exhibit
high, relative concentrations during the spring snowmelt, like Mn and−) indicates below the detection limit or limit of detection not calculated if present in the
+/− Cr (ppm) +/− Mn (ppm) +/− Ba (ppm) +/−
0.2 15.4 2.8 420.6 4.2 249.0 2.5
0.3 10.7 1.9 1088.4 10.9 158.7 1.6
0.9 39.4 7.1 76.7 0.8 240.7 2.4
1.3 64.2 11.6 65.4 0.7 358.5 3.6
1.7 80.2 14.4 74.3 0.7 442.0 4.4
1.6 90.6 16.3 97.3 1.0 422.8 4.2
1.7 93.5 16.8 102.8 1.0 406.4 4.1
1.6 92.4 16.6 105.2 1.1 434.8 4.3
1.6 126.9 22.8 111.1 1.1 495.8 5.0
1.4 142.7 25.7 110.5 1.1 402.4 4.0
0.0 1.3 0.2 2.4 0.0 – –
+/− Zn (ppm) +/− Al (ppm) +/− Pb (ppm) +/−
0.8 175.9 1.8 6530 65.3 6.4 0.5
0.5 43.1 0.4 20,950 209.5 4.8 0.4
1.0 24.5 0.2 45,020 450.2 6.3 0.5
0.9 23.5 0.2 77,990 779.9 7.6 0.6
0.8 39.3 0.4 100,360 1003.6 13.1 1.1
0.7 43.8 0.4 96,330 963.3 12.1 1.0
0.7 46.2 0.5 92,870 928.7 12.7 1.0
0.7 53.8 0.5 85,320 853.2 11.1 0.9
0.7 62.2 0.6 90,480 904.8 10.0 0.8
0.4 58.9 0.6 72,540 725.4 7.6 0.6
0.0 1.0 0.0 1.0 0.0 1.0 0.1
+/− Y (ppm) +/− Zr (ppm) +/− Tl (ppm) +/−
0.2 2.2 0.0 12.7 2.0 2.5 0.2
0.1 15.0 0.1 23.2 3.7 1.9 0.2
0.3 15.2 0.2 84.8 13.6 3.9 0.3
0.4 22.3 0.2 162.0 25.9 6.1 0.5
0.5 27.1 0.3 224.5 35.9 7.9 0.7
0.6 28.3 0.3 285.4 45.7 7.0 0.6
0.5 25.4 0.3 287.6 46.0 7.3 0.6
0.5 22.0 0.2 269.7 43.2 5.4 0.5
0.6 21.7 0.2 341.1 54.6 6.8 0.6
0.5 19.9 0.2 423.4 67.7 5.5 0.5
0.0 1.0 0.0 1.0 0.2 1.0 0.1
Fig. 3. Vertical metal distributions in soil core collected from Imnavait Creek watershed in late March/early April 2009. Metal distributions show element enhancement associated with
(a) the organic layer in an oxidizing zone or (b) in the lower portion of the soil column in a reducing zone.
185A.J. Barker et al. / Chemical Geology 381 (2014) 180–193Zn. Two factors could explain this observation: (1) low, relative solubil-
ity of the species present in the top layers of the surface and/or (2) peak
values for these speciﬁc metals as a result of the snowpack melting and
top soil layers thawing occurred before our sampling campaign com-
menced. Highest measured concentrations of 175.6 μg/L (Al), 15.4 μg/L
(Ba), 3383.0 μg/L (Fe), and 165.2 μg/L (Mn), occurred on October 8,
2010. Maximum Zn concentrations of 4.3 and 4.4 μg/L occurred on
May19 (spring freshet) andAugust 7. Ni concentrations stayed relative-
ly constant between 1.1 and 2.0 μg/L throughout the melt season.
The pH values for Imnavait Creek as a function of sampling date are
presented in Fig. 7. Imnavait Creek exhibits acidic surface water condi-
tions for the entirety of summer. In the spring, pH values are at their
lowest for the entire season, dipping below 5 to a value of 4.79 on
May 17, 2010. For the majority of late May–June, pH values range
from 5.54 to 6.02, with an average of 5.80. Throughout the end of July
until mid-August, pH values range from 5.06 to 6.62, with an average
value of 5.71. During late fall, pH ﬂuctuates to a greater extent in
September than October. Imnavait Creek surface water in September
had an average pH of 5.99, ranging from 5.32 to 6.64. For October, the
average is 5.65, ranging from 5.24 to 6.00. Overall, Imnavait Creek inlate fall/early winter, including both September and October months,
exhibits an average pH of 5.84, ranging from 5.24 to 6.64. The lowest
pH for the time period occurred in October and the highest pH occurs
in September.3.4. Surface water metal concentrations and pH at Roche Mountanee Creek
Metal concentrations observed in the surface waters of Roche
Mountanee Creek in 2010 are provided in Table 4 and plotted as a func-
tion of sampling date in Fig. 8. Al, Fe and Mn concentrations increased
during the ﬁrst springmelt ﬂows inmid-May, when ﬂow predominate-
ly originates from surface soils and the organic layer. Al and Fe also ex-
hibited increased concentrations during rain events in late July and
early August. In the fall, Al, Fe, and Mn concentrations decreased to
the lowest values measured, mostly hovering at or below their respec-
tive detection limits. The pattern for Ba in Roche Mountanee Creek
mimics the patterns for Al, Ba, Fe, and Mn in Imnavait Creek with the
highest concentrations occurring in late fall. The highest measured Ba
concentration of 70.0 μg/L occurred on October 13. On May 18, Al, Fe
Table 2
Metal concentrations for soil pore water samples extracted from the soil core collected from the Imnavait Creek watershed. (−) indicates below detection limit, (*) indicates qualitative
values outside the calibration.
Core 1 (cm) B (μg/L) +/- Al (μg/L) +/- P (μg/L) +/- Sc (μg/L) +/- Ti (μg/L) +/-
3–5 90.1 0.3 984* 3 771* 3.6 1.4 0.1 4.3 0.1
5–10 24.1 0.3 223.9 1.8 1397* 6.6 – – 3.0 0.1
10–15 – – 158.3 0.6 405* 5.6 – – – –
15–20 – – 210.4 4.4 124* 10.0 – – – –
20–25 – – 110.4 2.3 208* 1.6 – – 1.5 0.1
25–30 – – 1330.0 256.4 572* 11.9 1.2 0.1 1.8 0.1
30–35 – – 1029.0 8.6 136* 1.3 1.9 0.1 16.5 0.1
35–40 11.8 0.4 451.5 9.9 89.4 0.7 1.2 0.1 8.3 0.2
40–45 22.1 0.3 237.4 3.3 100.2 1.8 1.4 0.1 8.1 0.1
45–50 – – 467.7 1.5 99.4 0.9 1.4 0.1 8.0 0.1
50–55 2.4 0.1 253.8 3.3 105.4 0.1 1.4 0.1 6.4 0.1
55–61 15.4 0.5 167.6 1.9 97.0 1.4 – – 2.1 0.1
Core 1 (cm) Mn (μg/L) +/− Fe (μg/L) +/− Co (μg/L) +/− Ni (μg/L) +/− Cu (μg/L) +/−
3–5 495* 3 2292* 29 1.8 0.1 – – 1.3 0.1
5–10 155* 1 5324 47.9 1.5 0.1 – – – –
10–15 81.6 0.8 1000 13.4 1.3 0.1 – – – –
15–20 154* 10 390 1.1 2.3 0.2 1.8 0.2 – –
20–25 120* 1 390 2.8 – – 3.9 0.1 6.5 0.4
25–30 45.4 1.0 3580 485.8 – – – – – –
30–35 34.6 0.2 4090 89.6 – – – – 12.5 0.1
35–40 47.0 0.6 2840 18.7 – – – – – –
40–45 67.8 1.0 520 4.5 – – – – 1.5 0.1
45–50 90.3 0.5 1190 21.1 – – – – 1.4 0.1
50–55 103.1 0.7 2160 18.8 1.8 0.1 2.7 0.1 – –
55–61 146* 1 540 7.0 1.8 0.1 1.1 0.1 – –
Core 1 (cm) Zn (μg/L) +/− Sr (μg/L) +/− Y (μg/L) +/− Ba (μg/L) +/− Tl* (μg/L) +/−
3–5 39.0 0.1 7.7 0.1 – – 89.4 1.1 1890* 59
5–10 41.7 0.1 7.0 0.1 – – 77.2 0.4 1098* 86
10–15 24.5 0.2 6.6 0.1 – – 23.8 0.1 1064* 23
15–20 15.7 1.2 4.4 0.4 – – 32.9 3.1 1759* 228
20–25 15.3 0.1 6.0 0.1 – – 65.8 0.5 2547* 59
25–30 7.4 0.1 2.3 0.1 – – 47.5 1.6 342* 53
30–35 3.8 0.1 1.9 0.1 2.5 0.1 47.3 0.7 258* 39
35–40 3.0 0.1 1.5 0.1 1.1 0.1 24.4 0.2 – –
40–45 6.0 0.1 1.9 0.1 1.5 0.1 34.4 0.5 – –
45–50 8.1 0.1 2.3 0.1 1.9 0.1 57.8 0.6 – –
50–55 9.0 0.1 2.7 0.1 1.4 0.1 77.6 0.6 – –
55–61 13.3 0.1 4.4 0.1 – – 85.5 1.3 – –
186 A.J. Barker et al. / Chemical Geology 381 (2014) 180–193and Mn concentrations peaked at 107.0, 194.8, and 4.2 μg/L,
respectively.
The pH values for Roche Mountanee as a function of sampling date
are presented in Fig. 7. For the most part, Roche Mountanee surface
water is slightly basic. The pH values range from 6.98 to 8.06. The pH
values in the spring for Roche Mountanee range from 6.98 to 8.06,
with an average value of 7.73. During late July and early August, pH
values range from 7.32 to 8.03, with an average pH value of 7.75. During
late September and the ﬁrst half of October, pH values range from 7.17
to 8.06, with an average pH value of 7.52. The lowest observed pH value
occurs on May 17 and the highest pH values occurred on May 23 and
September 13.
4. Discussion
4.1. Seasonal controls on metal ﬂuctuations in Imnavait Creek
surface water
As shown in Fig. 4, pore waters in the oxidizing zone (~3–15 cm
depth) of the organic layer have relatively high metal concentrations.
In comparison, pore waters deeper in the soil column (~20–50 cm)
also exhibit an enhanced relative mobility of metals, particularly for
Fe, Al and Ba and to a lesser extent Mn and Zn. This depth corresponds
to the typical maximum vertical extent of seasonal thaw (the active
layer) each fall. In the case of Fe, the soluble-rich bands in both the ox-
idizing and reducing zones are comparable in terms of their bulkaqueous metal concentrations (Fig. 4). However, when compared
to the source concentration originally present in the core in solid
form (Fig. 3), the difference is substantial. There is approximately
140,000 mg/kg Fe present in the 15–20 cm portion of the organic
layer with approximately 0.4 mg/L in soluble form. In comparison,
there is approximately 25,000 mg/kg Fe present in the reduced zone
lower in the soil column (~35–50 cm) and approximately 4 mg/L be-
comes mobilized upon thawing.
To better visualize the relative metal solubility data presented in
Figs. 3 and 4, we plotted the metal partition coefﬁcients (Kd) as a func-
tion of depth of the soil core in Fig. 9. Kd valueswere calculated using the
ratio of metal concentrations in the solid fraction of the soil core to the
metal concentrations in the pore water extracted from the soil fraction,
values shown in Table 5. Therefore, a small, relative partition coefﬁcient
indicates high, relative partitioning from the solid to the aqueous phase.
We do not have bulkmetal concentrations for the soil column above
10 cmdue to the prevalence ofmoss and plants instead of actual soil. Fe,
Al and to some extentMn, Ba and Zn exhibit a band of high, relative sol-
ubility from 10 to 15 cm. We expected to see evidence of this solubility
band by high mobilization of Fe and Al to Imnavait Creek during spring
snowmelt (Fig. 6), but as stated previously there is potential that these
species present above 10 cm soil depth are not as soluble or Fe and Al
mobilized before our sampling began on May 19, 2010. Mn and Zn con-
centrations have a peak in mid-May (Fig. 6), unlike Fe, Al or Ba, indicat-
ing that they are potentially mobilized from the organic layer (above
10 cm) to a greater extent than Fe, Al or Ba. In addition, signal dilution
Fig. 4.Vertical solublemetal distributionsmeasured in the soil water extracted from a soil
core collected from Imnavait Creek watershed in late March/early April 2009.
187A.J. Barker et al. / Chemical Geology 381 (2014) 180–193from snowmelt as the sole factor seems unlikely, aswewould expect all
metals to behave similarly if that were the case.
In the summer months, the soil column continues to thaw and the
active layer deepens. This is evident by slightly increasing surfacewater Fe, Al, Mn, Ni, Zn and Ba concentrations over the course of June,
July and August (Fig. 6) correlating with low partition coefﬁcients at
soil depths of 20–45 cm (Fig. 9). According to the soil thermal regime
(Fig. 5), the soil is thawed for 0, 29 and 42 cm depths at this time, but
remains frozen at 53 cm depth.
The soil at 53 cm depth initiated thawing on July 29. All metals
exhibit bands of small, relative partition coefﬁcients (high, relative sol-
ubility) at depths 45–61 cm. Aluminum follows this pattern at depth
45–50 cm, but at lower depths (50–61 cm) the solubility decreases.
The low partition coefﬁcient of these metals in the lower portions of
the soil column combined with the subsequent thawing of these layers
likely explains the high, relative surface water concentrations in
Imnavait Creek in late September and early October. This is evident for
Fe, Al, Mn, and Ba, but not Zn or Ni. Nickel concentrations stay relatively
constant throughout the sampling season, except for in mid-May when
they are at the detection limit for the analyticalmethod. Zinc concentra-
tions decrease during late fall, potentially indicative of a limiting Zn
source, however, the interpretation of the complex dynamics of Znmin-
eral weathering during this time of year are beyond the scope of this
study. The decrease in Zn concentrations do indicate that discharge is
likely not a factor in concentrating the surface water metal signals dur-
ing this time of year. If that were the case, wewould expect all metals to
increase late in the season like Fe, Al, Mn and Ba.
4.2. Permafrost active layer dynamics inferred at Roche Mountanee Creek
The majority of this project focused on characterizing soil and
surface water samples from Imnavait Creek, a small, organic-rich, low
gradient tundra stream ﬂowing through glacial till. In an attempt to cor-
relate our ﬁndings at Imnavait Creek to a broader area in the Arctic,
including to a large watershedwith a higher gradient and exposed bed-
rock, we analyzed surface water from Roche Mountanee Creek (Table 4
and Fig. 8).We did not collect a core, excavate a soil pit, or install therm-
istors at Roche Mountanee Creek, and no CALM site is present there.
Thus, we mainly use the data from Roche Mountanee Creek as an end-
member drainage to investigatewhether the seasonal dynamics present
in Imnavait Creek also occur for a larger, higher gradient stream with
different soils, active layer and permafrost composition.
The soils at Roche Mountanee are sourced predominantly from car-
bonate bedrock with minimal organics present in the surface and shal-
low subsurface (Till et al., 2008). The Al, Fe and Mn concentrations
measured during the spring are derived from the weathering of the
thin, upper portions of the subsurface. Once the mineralogical source
of those metals weathers and the soil subsequently freezes (assuming
temperature ﬂuctuations behave similarly as recorded at Imnavait,
Fig. 5), Al, Fe andMn concentrations substantially drop during the sum-
mer and are at the detection limit of our analytical method during the
fall and early winter. We interpret the late season increase in Roche
Mountanee surface water Ba concentrations as due to the chemical
weathering of carbonate in the active layer.
4.3. Surface water trace metal signatures as a function of snowmelt, surface
and base ﬂow inﬂuence
Discharge and sources of water play a role in the overall transport of
metals to surfacewaters. However, discharge can be difﬁcult tomeasure
when there aremultiplemain channels or if ice is present. For this study,
we employed surface water chloride concentrations as a tracer for esti-
mating the relative amounts of surface versus base ﬂow to Imnavait and
RocheMountanee Creeks. We used chloride because it occurs in the en-
vironment primarily as a free ion, rarely complexes or forms ion pairs,
and moves through soil conservatively without being signiﬁcantly
transformed (Lockwood et al., 1995; Albek, 1999).
Trace metal–chloride relationships for Roche Mountanee and
Imnavait Creek surface waters are shown in Fig. 10(a) and (b). Only
Ba values are presented for Roche Mountanee surface water because
Fig. 5. Imnavait Creek watershed soil temperature (°C) at multiple soil depths as a function of date in 2010. The soil in the Arctic freezes from the top-down forcing pore water ﬂow paths
deeper in the soil column.
188 A.J. Barker et al. / Chemical Geology 381 (2014) 180–193concentrations of Fe, Al and Mn were primarily present at or below the
detection limit for our method. The snowmelt signature is evident as a
transient pulse, characterized by high chloride concentrations, derived
from the snowpack, and low relative metal contributions. As the snow-
pack melts and the surface is exposed, the Roche Mountanee ‘summer
signature’ in Fig. 10 is characterized by low chloride and metal concen-
trations, attributed to high discharge during the summer rainy seasonTable 3
Trace concentrations (μg/L) of species found in Imnavait Creek surface waters over the course
analyzed for chloride.
Al +/− Mn +/− Fe +/−
19-May 39.2 0.7 126.7 1.3 187.8 1.6
25-May 57.2 1.1 118.7 1.1 551.0 3.9
28-May 84.1 0.6 49.1 0.9 750.4 5.1
31-May 85.2 0.6 32.3 0.3 776.7 6.8
1-Jun 104.2 1.0 31.5 0.3 593.3 1.2
3-Jun 102.9 0.3 23.3 0.1 369.6 4.8
5-Jun 97.5 0.9 23.4 0.2 374.5 3.1
8-Jun 104.6 2.0 25.7 0.3 607.5 4.6
11-Jun 95.8 2.3 27.6 0.4 538.8 3.7
22-Jul 123.9 1.0 23.6 0.2 352.7 2.2
23-Jul 116.3 1.4 26.8 0.3 323.4 1.1
24-Jul 112.8 1.7 19.4 0.2 333.6 4.0
26-Jul 109.9 0.8 29.1 0.2 307.0 3.6
28-Jul 105.0 0.3 30.2 0.2 485.1 9.6
30-Jul 141.1 1.1 24.5 0.1 362.8 3.7
2-Aug 129.2 2.5 36.7 0.6 484.3 5.9
5-Aug 137.6 1.9 44.8 0.6 844.2 7.0
7-Aug 158.7 2.0 38.6 0.4 456.2 4.7
13-Sep 132.2 1.9 50.6 0.7 1403.7 12.5
15-Sep 132.3 1.6 54.9 0.2 1855.0 8.3
17-Sep 123.6 1.1 60.0 0.2 1354.7 13.3
18-Sep 114.1 0.4 54.9 0.2 1077.7 16.4
20-Sep 119.0 1.4 51.4 0.8 969.8 10.0
22-Sep 122.6 4.3 53.4 0.2 1179.7 11.9
23-Sep 121.4 1.9 56.5 0.4 1143.7 7.5
25-Sep 129.5 1.8 75.2 0.9 1156.0 10.5
27-Sep 133.7 0.4 82.9 0.4 1570.7 23.7
29-Sep 123.6 2.0 97.3 0.6 1366.7 12.4
3-Oct 161.0 4.0 130.4 0.2 2640.0 28.8
8-Oct 175.6 2.9 165.2 2.3 3383.0 9.5diluting the signal. This seasonal signature of summer illustrates the
dominance of overland surface ﬂow and minimal interactions with the
active layer. In the fall, pore waters are forced deeper into the soil col-
umn by a freezing surface front and lack of signiﬁcant precipitation,
and as a result the water source becomes dominated by base ﬂow,
highlighted in Fig. 10 as the ‘fall signature’. The fall signature shows an
increase in water–rock interaction, evident by high Ba concentrationsof spring through fall 2010. (−) indicates below detection limit (/) indicates samples not
Ni +/− Zn +/− Ba +/− Cl +/−
– – 4.3 0.1 5.6 0.1 / /
– – 1.7 0.1 5.9 0.1 118.9 5.9
1.1 0.1 2.2 0.1 7.9 0.1 / /
1.3 0.1 2.5 0.1 8.4 0.1 42.9 2.1
1.3 0.1 2.6 0.1 8.6 0.1 33.6 1.7
1.5 0.1 2.6 0.1 8.6 0.1 34.1 1.7
1.5 0.1 2.4 0.1 8.8 0.1 11.4 0.6
1.4 0.1 2.4 0.1 9.5 0.1 13.3 0.7
1.5 0.1 2.6 0.1 9.6 0.1 13.9 0.7
1.7 0.1 3.8 0.1 11.5 0.1 9.9 0.5
1.7 0.1 3.6 0.1 11.1 0.3 14.6 0.7
1.6 0.1 3.4 0.1 10.4 0.1 40 2.0
1.9 0.1 3.7 0.1 11.0 0.1 37.6 1.9
1.8 0.1 3.4 0.1 11.6 0.1 6.9 0.3
2.0 0.1 3.7 0.1 11.6 0.1 18.4 0.9
1.9 0.1 3.5 0.1 12.8 0.2 14.8 0.7
2.0 0.1 3.5 0.1 13.9 0.1 8 0.4
1.9 0.1 4.4 0.1 11.8 0.1 14.1 0.7
1.8 0.1 2.7 0.1 12.9 0.1 / /
1.7 0.1 2.7 0.1 12.9 0.1 20.9 1.0
1.7 0.1 2.6 0.1 12.6 0.1 35.5 1.8
1.7 0.1 2.7 0.1 12.0 0.2 49.6 2.5
1.8 0.1 2.7 0.1 11.8 0.1 45.7 2.3
1.7 0.1 2.7 0.1 11.6 0.1 40 2.0
1.7 0.1 2.7 0.1 12.0 0.2 34.8 1.7
1.7 0.1 2.8 0.1 12.7 0.2 43.7 2.2
1.8 0.1 3.0 0.1 13.3 0.3 17.6 0.9
1.8 0.1 3.8 0.1 12.9 0.1 27.1 1.4
1.6 0.1 3.3 0.1 14.5 0.2 28.7 1.4
1.5 0.1 3.1 0.1 15.4 0.2 36.8 1.8
Fig. 6. Imnavait Creek surface water soluble metal concentrations (μg/L) as a function of
date in 2010.
Table 4
Trace concentrations (μg/L) of species found in Roche Mountanee surface waters over the
course of spring through fall 2010. (−) indicates below detection limit, (/) indicates
samples not analyzed for chloride.
Al +/− Mn +/− Fe +/− Ba +/− Cl +/−
15-May 41.5 1.1 2.7 0.1 35.4 2.5 16.7 0.2 599.7 30.0
18-May 194.8* 5.5 4.2 0.1 107.0 0.8 16.0 0.1 447.6 22.4
20-May 35.4 7.6 2.9 0.1 35.2 1.5 20.6 0.3 302.5 15.1
26-May 8.4 0.7 – – 20.3 0.6 16.7 0.4 174.1 8.7
28-May 3.9 0.1 – – 1.8 0.1 16.1 0.2 137.1 6.9
29-May 4.0 0.1 – – 2.1 0.1 17 0.3 130.2 6.5
1-Jun 5.7 0.1 – – 3.1 0.1 15.1 0.1 111.7 5.6
3-Jun 7.0 0.2 – – 7.3 0.1 18.3 0.2 / /
4-Jun 13.8 0.3 – – 20.8 0.2 17.5 0.3 96.8 4.8
7-Jun 11.5 0.5 – – 17.8 0.1 21.3 0.1 113.4 5.7
10-Jun 4.7 0.2 – – 5.1 0.1 22.4 0.1 109.4 5.5
12-Jun 6.8 0.5 – – 6.9 0.1 23.7 0.2 94.9 4.7
22-Jul 5.7 0.1 – – 6.2 0.1 24.3 0.3 76.8 3.8
23-Jul 16.9 1.5 – – 26.8 0.1 25.7 0.1 / /
26-Jul 7.8 0.1 – – 13.8 0.2 26.9 0.2 84 4.2
29-Jul 17.3 0.3 – – 29.3 0.1 20.5 0.2 94.3 4.7
31-Jul 9.7 2.3 – – 7.5 0.1 24.4 0.2 100.7 5.0
2-Aug 13.0 0.5 – – 22.6 0.1 25.9 0.5 94.9 4.7
3-Aug 9.6 0.1 – – 15.1 0.3 27.5 0.3 99.1 5.0
6-Aug 4.4 0.1 – – 3.8 0.1 22.5 0.3 / /
7-Aug 18.5 0.8 – – 34.1 0.3 26.5 0.1 127.3 6.4
13-Sep – – – – 1.1 0.1 63.6 0.4 / /
14-Sep – – – – – – 63.8 0.5 297.1 14.9
17-Sep – – – – – – 64.2 0.3 326.1 16.3
18-Sep – – – – – – 64.5 1.0 392.5 19.6
20-Sep – – – – – – 65.5 0.3 346.7 17.3
22-Sep – – – – – – 66.2 1.0 369.4 18.5
24-Sep – – – – 1.8 0.1 70.3 0.8 390 19.5
25-Sep – – – – – – 70.3 0.6 382.2 19.1
27-Sep – – – – 2.6 0.1 69.4 0.2 405.4 20.3
29-Sep – – – – – – 72.8 0.5 398.3 19.9
7-Oct – – – – 3.2 0.1 69.8 0.4 365.7 18.3
13-Oct – – – – – – 70 0.6 354.4 17.7
189A.J. Barker et al. / Chemical Geology 381 (2014) 180–193and high chloride concentrations. The Roche Mountanee surface water
in the fall is dominated by baseﬂow, however, there is still variability
in chloride concentrations late in the season, even in October
(Table 4), indicating Ba signal concentration due solely to lack of dis-
charge in the season (Fig. 6) is likely not a factor.
For Imnavait Creek, the high chloride-low metal snowmelt pulse is
evident. The pulse is absent for Ni because Ni is at the detection limit
of our method during mid-May. For Mn, the snowmelt pulse has higher
concentrations ofMn, attributed to the enhancedmobility ofMn species
to other metals, comparatively, in the superﬁcial layers of the soil. In
contrast to Roche Mountanee, the summer and fall signatures at
Imnavait Creek do not clearly embody surface water contributions ver-
sus baseﬂow dominated, but rather a mixture of the two with different
mixing ratios for each metal. In the fall, the geochemical signature of
Roche Mountanee Creek is dominated by water–rock interaction,
whereas for Imnavait Creek surface water the fall represents surface
and baseﬂow interaction with thawing-frozen soil. For Fe, Mn, Al andFig. 7. Imnavait Creek and Roche Mountanee surface water pH values over the course of
spring–fall 2010.Ba at Imnavait Creek there is a linear correlation with chloride toward
the very end of our sampling campaign, where metal and chloride con-
centrations are increasing. This correlation is likely due to an increase in
water–soil interaction and a decrease in overland surface ﬂow during
this time.Fig. 8. Roche Mountanee Creek surface water soluble metal concentrations (μg/L) as a
function of date in 2010.
Fig. 9. Plot of the partition coefﬁcients (Kd) for the Imnavait Creek soil core collected in lateMarch/early April 2009. Valueswere calculated using the ratio ofmetal concentrations (g/kg) in
the solid fraction of the soil to the metal concentrations (g/L) in the pore water fraction.
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A conceptualmodel for the soil thawing and freezingprocess and the
deepening of the active layer throughout the course of 2010 is schemat-
ically illustrated in Fig. 11. As ourmodel suggests, the organic layers and
upper portion of the soil column begin to thaw following the snowmelt
in mid-May and are fully thawed by the end of May. This exposes the
surface soil to oxidation and weathering processes, releasing solubleTable 5
Partition coefﬁcients (Kd) for the Imnavait Creek soil core. Kd values were calculated using
concentrations (g/L) in the pore water fraction.
Iron partitioning coefﬁcient
Core 1 (cm) Cs (g/kg) Caq (g/L) Kd (Cs/Caq)
10–15 14.0548 0.001000 14,050
15–20 140.7139 0.000390 36,100
20–25 29.5482 0.000390 75,800
25–30 21.5053 0.003580 6007
30–35 25.282 0.004090 6181
35–40 23.2612 0.002840 8191
40–45 21.5338 0.000520 41,400
45–50 23.0195 0.001190 19,340
50–55 23.5505 0.002160 10,900
55–61 19.7720 0.000540 36,600
Manganese partitioning coefﬁcient
Core 1 (cm) Cs (g/kg) Caq (g/L) Kd (Cs/Caq)
10–15 0.4206 0.0000816 5150
15–20 1.0884 0.000154 7070
20–25 0.0767 0.000120 639
25–30 0.0654 0.0000454 1440
30–35 0.0743 0.0000346 2150
35–40 0.0973 0.0000470 2070
40–45 0.1028 0.0000678 1520
45–50 0.1052 0.0000903 1170
50–55 0.1111 0.0001031 1077
55–61 0.1105 0.000146 757
Aluminum partitioning coefﬁcient
Core 1 (cm) Cs (g/kg) Caq (g/L) Kd (Cs/Caq)
10–15 6.530 0.0001583 41,250
15–20 20.950 0.0002104 99,570
20–25 45.020 0.0001104 407,800
25–30 77.990 0.0013300 58,639
30–35 100.360 0.0010290 97,532
35–40 96.330 0.0004515 213,400
40–45 92.870 0.0002374 391,200
45–50 85.320 0.0004677 182,400
50–55 90.480 0.0002538 356,500
55–61 72.540 0.0001676 432,800metals from the soil and vegetation surface andﬂushing them into near-
by surface waters. Once the soil below the surface and organic layer be-
gins to thaw and the active layer extends downward, acidic pore water
from the surface reaches the reducing front of the subsurface andmobi-
lizes metals.
When the soil begins to freeze in the fall, it does so predominantly
from the top-down (Fig. 11). Top-down freezing forces pore water
ﬂow paths deeper into the reducing zone of the soil column, where Fe,the radio of metal concentrations (g/kg) in the solid fraction of the soil to the metal
Barium partitioning coefﬁcient
Core 1 (cm) Cs (g/kg) Caq (g/L) Kd (Cs/Caq)
10–15 0.2490 0.0000238 10,500
15–20 0.1587 0.0000329 4830
20–25 0.2407 0.0000658 3660
25–30 0.3585 0.0000475 7550
30–35 0.4420 0.0000473 9350
35–40 0.4228 0.0000244 17,300
40–45 0.4064 0.0000344 11,800
45–50 0.4348 0.0000578 7520
50–55 0.4958 0.0000776 6390
55–61 0.4024 0.0000855 4700
Zinc partitioning coefﬁcient
Core 1 (cm) Cs (g/kg) Caq (g/L) Kd (Cs/Caq)
10–15 0.1759 0.0000245 7170
15–20 0.0431 0.0000157 2750
20–25 0.0245 0.0000153 1600
25–30 0.0235 0.0000074 3200
30–35 0.0393 0.0000038 10,000
35–40 0.0438 0.0000030 15,000
40–45 0.0462 0.0000060 7700
45–50 0.0538 0.0000081 6600
50–55 0.0622 0.0000090 6900
55–61 0.0589 0.0000133 4440
Fig. 10.Metal–chloride relationships for (a) Roche Mountanee and (b) Imnavait Creek surface waters over the course of spring–fall 2010.
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efﬁcients. Acidic conditions, deepening ﬂow paths and greater source
concentrations with respect to depth during this time of the year con-
tribute to the overall high, relative metal concentrations shown in
Fig. 6. Zinc concentrations decrease, potentially signifying a limiting
source of Zn, however, the interpretation of the complex dynamics of
Zn mineral weathering in late fall is potentially more complex than
the scope of this study can interpret. Ni concentrations stay relatively
constant likely due to the partition coefﬁcient being relatively constant
with respect to depth. During the time of the season when the active
layer is at its deepest annual extent, the surface of the soil column is fro-
zen (late September/October in Fig. 11), and the surface water geo-
chemical composition roughly correlates to the solubility of the metal
species in the unfrozen soil layers.
An anticipated increase in active layer thaw depths (Hinzman and
Kane, 1992; Osterkamp and Romanovsky, 1997, 1999; Jorgenson et al.,
2006; Christiansen et al., 2010; Romanovsky et al., 2010; Smith et al.,
2010), or, due to subsidence, a downward movement in the thaw
front over time (Belshe et al., 2012; LeBlanc et al., 2012) would liberate
previously frozen soils and expose them tomineralweathering process-
es. This is presented as the downwardmovement of the top of the “per-
mafrost” layer in Fig. 11 in September and November. The baseline
results from the two end members in this study demonstrate that
there is likely a strong relationship between the extent of active layer
thaw and the trace metal composition of local surface waters. This rela-
tionship is complex, driven by soil and mineral weathering sources andtrace metal oxidation and reduction characteristics and thus it warrants
the attention of multi-year monitoring.
5. Conclusions
Future climate scenarios predict a warmer Arctic, which is expected
to cause permafrost degradation and the downward migration of the
seasonally thawed active layer, exposing previously frozen soil to min-
eral weathering processes. This may result in changes to trace metal
seasonal signatures in surface waters due to exposing another source
of metals in pristine systems. One goal of this study was to discern
whether geochemical signatures of trace metals in surface waters
could provide a landscape or watershed scale proxy for thawing pro-
cesses in permafrost soils. Our results show a distinct seasonal signature
of trace metal concentrations in the end members, Imnavait and Roche
Mountanee Creeks. Streamwater concentrations of Al, Ba, Fe, andMn in
Imnavait Creek and Ba in RocheMountanee were highest in the late fall
(September and October). This pattern appears to correlate with the
depth of the active layer throughout the watershed. The signal for Ba
was detectable in both a low gradient tundra stream and a larger high
gradient bedrock dominated stream. Other metals (Al, Fe, and Mn) ex-
perienced enhanced concentrations in late fall ﬂows in the smaller
low gradient stream, but thesemetals did not exhibit a late fall increase
in the higher gradient bedrock dominated stream, likely due to the dif-
ference in the soil composition, pH, organic ligand content and soil
water ﬂow rates for the two compared streams. The end member
Fig. 11. Schematic depicting the freezing and thawing process in Arctic soils and the observed deepening of the active layer during late fall of 2010.
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ﬂow and baseﬂow during the summer and fall.
Our ﬁndings suggest that enhanced weathering at the permafrost-
active layer boundary could impact streamwater tracemetal signatures,
but would likely only be observable by comparing late season stream
compositions to summer and spring melt measurements. Over time,
as permafrost degrades and exposes previously frozen, metal-rich
layers, we hypothesize that this late season trace metal signal could po-
tentially be differentiated from the ‘snowmelt’, ‘surface’, and ‘fall’ sea-
sonal signatures established in Fig. 10. However, there are many
noteworthy limitations to this hypothesis, particularly differentiating
between ﬂuctuating active layer thicknesses due to normal seasonal
variability, as opposed to longer-term trends. In order to establish a
noteworthy trend relating surface water metal concentrations with in-
creasing active layer depth/degrading permafrost, a watershed likely
warrants continuous monitoring of active layer dynamics, with soil
and surface water geochemistry.
Presently, this study offers many improvements on previous efforts
and provides a baseline of data for future monitoring. Our results cap-
ture the seasonality of trace metals in two Arctic watersheds from
spring snowmelt until early winter, a measurement that is widely
overlooked. Our ﬁndings show a correlation between the top-down
freezing processes that occur in Arctic soils to metal ﬂuctuations in
local surface waters. In addition, our results highlight the complexity
of metal transport as a function of seasonality in the presence of perma-
frost, necessitating the need for longer summer sampling seasons in the
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